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We demonstrate the presence of ferromagnetic (FM) fluctuations in the superconducting and
non-superconducting heavily overdoped regimes of high-temperature superconducting copper oxides,
using (Bi,Pb)2Sr2CuO6+δ (Bi-2201) single crystals. Magnetization curves exhibit a tendency to be
saturated in high magnetic fields at low temperatures in the heavily overdoped crystals, which is
probably a precursor phenomenon of a FM transition at a lower temperature. Muon spin relaxation
detects the enhancement of spin fluctuations at high temperatures below 200 K. Correspondingly,
the ab-plane resistivity follows a 4/3 power law in a wide temperature range, which is characteristic
of metals with two-dimensional FM fluctuations due to itinerant electrons. As the Wilson ratio
evidences the enhancement of spin fluctuations with hole doping in the heavily overdoped regime, it
is concluded that two-dimensional FM fluctuations reside in the heavily overdoped Bi-2201 cuprates,
which is probably related to the decrease in the superconducting transition temperature in the
heavily overdoped cuprates.
In hole-doped high-temperature superconducting
cuprates, the relationship between the antiferromag-
netism and superconductivity has intensively been
studied. Antiferromagnetic (AF) fluctuations by which
electron paring is believed to be mediated have been
observed in the underdoped and optimally doped regimes
[1]. In the overdoped regime where the superconducting
transition temperature Tc is depressed with hole doping,
inelastic neutron-scattering [2] and muon spin relaxation
(µSR) [3] experiments have revealed the weakening of
the low-energy AF spin correlation with hole doping. A
recent resonant inelastic x-ray scattering experiment,
on the other hand, has revealed that high-energy AF
fluctuations persist to the non-superconducting heavily
overdoped regime [4]. This suggests that the suppression
of superconductivity in the heavily overdoped regime
might not be related to AF fluctuations.
In the heavily overdoped regime, unlike the gen-
eral belief of the nonmagnetic Fermi-liquid-like ground
state, phenomena incompatible with a simple Fermi-
liquid picture have been observed. The Curie con-
stant has increased with hole doping in overdoped
Tl2Ba2CuO6+δ (Tl-2201) [5], La2−xSrxCuO4 (LSCO)
and La2−xBaxCuO4 [6]. The ab-plane electrical resis-
tivity ρab has not exhibited a T
2 behavior in heavily
overdoped LSCO [7]. Therefore, there might exist other
∗ Corresponding author: t-adachi@sophia.ac.jp
ordered states hidden adjacent to the superconducting
phase.
Kopp et al. have insisted in terms of the quan-
tum critical scaling theory that the non-Fermi-liquid-
like temperature dependence of the magnetic suscepti-
bility χ in non-superconducting heavily overdoped Tl-
2201 is due to the existence of a ferromagnetic (FM)
phase [8]. Electronic band calculations have suggested
that the ferromagnetism appears locally around Ba clus-
ters in overdoped La2−xBaxCuO4 [9]. A recent theo-
retical calculation of the spin dynamical structure factor
by the determinant quantum Monte Carlo method has
supported the occurrence of the ferromagnetism in the
heavily overdoped regime [10]. Experimentally, Sonier
et al. have reported from zero-field µSR measurements
in non-superconducting heavily overdoped LSCO that
the relaxation rate of muon spins is enhanced with de-
creasing temperature below 0.9 K, suggesting the de-
velopment of spin fluctuations [11]. They have also re-
ported that ρab exhibits a T
5/3 behavior in a wide tem-
perature range from 60 K to room temperature. The
T 5/3 behavior is characteristic of metals with three-
dimensional FM fluctuations due to itinerant electrons,
according to the self-consistent renormalization (SCR)
theory of spin fluctuations [12]. The T 5/3 behavior has
also been observed in the itinerant-electron ferromagnet
Y4Co3 above the Curie temperature [13]. These sug-
gest that three-dimensional FM fluctuations exist in non-
superconducting heavily overdoped LSCO. The FM fluc-
tuations may be related to the decrease in Tc with hole
2doping in the overdoped regime owing to the competition
between AF and FM fluctuations. However, since effects
of disorder due to the dopant Sr and/or oxygen deficiency
in the CuO2 plane might be related to the FM fluctua-
tions in LSCO, the universality of the FM fluctuations
among cuprates is unclear.
In this Letter, we study the electronic states in heavily
overdoped (Bi,Pb)2Sr2CuO6+δ (Bi-2201) cuprates. In
Bi-2201, we control the hole concentration by chang-
ing the amount of excess oxygen δ, indicating no
substitution-induced disorder and no oxygen deficiency
in the CuO2 plane. Static magnetization curves showed
a tendency to be saturated in high magnetic fields at low
temperatures, which is probably a precursor phenomenon
of a FM transition at a lower temperature. The devel-
opment of spin fluctuations with decreasing temperature
as well as with increasing hole concentration was also ob-
served in zero-field µSR measurements. The ρab was al-
most proportional to T 4/3 over a wide temperature range,
which is characteristic of two-dimensional FM fluctua-
tions due to itinerant electrons [14]. The Wilson ratio
increased with hole doping, suggesting the enhancement
of spin fluctuations. Accordingly, two-dimensional FM
fluctuations due to itinerant electrons probably exist in
heavily overdoped Bi-2201.
Crystals obtained from four grown rods
[15] were used in the following results;
Bi-2201[A] - Bi1.76Pb0.35Sr1.89CuO6+δ, Bi-
2201[B] - Bi1.71Pb0.32Sr1.97CuO6+δ, Bi-2201[C]
- Bi1.77Pb0.33Sr1.90CuO6+δ, Bi-2201[D] -
Bi1.76Pb0.35Sr1.89CuO6+δ. The hole concentration
per Cu p was determined by the empirical equation
and the thermoelectric power [16–18], described in the
Supplemental Material, although how to estimate the
p value is an unsettled issue in the Bi-2201 cuprates
[18–20]. Figure 1(a) shows the temperature dependence
of the static χ of Bi-2201[A]. The inset shows the Tc
vs p plot. For the overdoped crystals with p ≤ 0.232,
χ is almost independent of temperature in the normal
state above 15 K, while χ for the heavily overdoped
crystals with p ≥ 0.257 rapidly increases with decreasing
temperature. The increase in χ has also been observed
in heavily overdoped LSCO [21] and Tl-2201 [5], and
therefore it is reminiscent of FM fluctuations. In fact, χ
is proportional to T−5/4 as shown in Fig. 1(b), which
is consistent with the quantum critical scaling theory of
FM fluctuations [8].
Pronounced features of FM fluctuations are seen in
the static magnetization curve of heavily overdoped Bi-
2201[A] in Fig. 1(d). It is found that the magnetiza-
tion curves are linear in H above 20 K, while they tend
to be saturated in high magnetic-field regions below 20
K. These behaviors cannot be reproduced in terms of
the standard paramagnetic Brillouin function as shown
in Fig. 1(d). It is noted that the nonlinear magnetization
curve is highly anisotropic as displayed in the inset, elim-
inating magnetic impurities as an origin of the nonlinear
behavior. Considering no hysteresis in the magnetiza-
tion curve down to 0.5 K, the saturated magnetization
in high magnetic fields at low temperatures is probably
a precursor phenomenon of the FM transition at a lower
temperature.
To investigate dynamic behaviors of spins, zero-field
µSR measurements were performed in Bi-2201[B] and [D]
shown in Figs. 2(a-c). While the zero-field µSR time
spectra are more or less Gaussian-like originating from
nuclear-dipole fields, the spectra of heavily overdoped Bi-
2201[B] and [D] show the enhancement of the relaxation
of muon spins with decreasing temperature. These are
suggestive of the development of spin fluctuations. At
low temperatures below 50 K down to 0.3 K, the change
of the spectra becomes small as shown in Fig. S1 of the
Supplemental Material. The spectra are fitted using the
following function:
A(t) = A0exp(−λt)Gz(∆, t) +ABG. (1)
The A0 is the initial asymmetry, λ is the relaxation rate
of muon spins, corresponding to the development of spin
fluctuations, Gz(∆, t) is the static Kubo-Toyabe func-
tion [22], ∆ the distribution width of the nuclear-dipole
field at the muon site, and ABG is the temperature-
independent background term. In the analysis, ∆ was
treated as temperature independent. (see the Supple-
mental Material.) In Fig. 2(d), we show the tempera-
ture dependence of λ. It is clearly seen that λ increases
with decreasing temperature below 200 K, and the in-
crease becomes larger with hole doping. These suggest
that spin fluctuations, which is probably FM, are devel-
oped at high temperatures and are enhanced with hole
doping in heavily overdoped Bi-2201.
Transport and thermal properties of heavily overdoped
Bi-2201 exhibit temperature dependences characteristic
of FM fluctuations. Figure 3(a) shows the temperature
dependence of ρab in Bi-2201[C]. The ρab exhibits a T
4/3
behavior over a wide temperature range for p ≥ 0.271,
as reported in overdoped Bi2Sr1.6La0.4CuOy [23]. Figure
3(b) shows the p dependence of the exponent n obtained
by expressing ρab in the normal state as ρab = ρ0+AT
n ,
where ρ0 is the temperature-independent term and A is
the temperature coefficient. Although the data exhibit
a spread to some extent, it is found that n ∼ 1 near
the optimally doped regime and that n increases with
underdoping, which is consistent with preceding results
[24]. (The resistivity data are shown in Fig. S2 of the
Supplemental Material.) With overdoping, n increases
and converges to 4/3 in the heavily overdoped regime
[25], which is incompatible with the nonmagnetic Fermi-
liquid-like T 2 behavior. According to the SCR theory,
the T 4/3 behavior of ρab is characteristic of metals with
two-dimensional FM fluctuations due to itinerant elec-
trons [14] as observed in Sr2−yLayRuO4 [26], as well as
Sr2RuO4 [27] and CePt [28] under pressures.
The inset of Fig. 3(c) shows the temperature depen-
dence of the specific heat of Bi-2201[A] plotted as C/T
vs. T 2 at low temperatures down to 0.4 K. The heav-
ily overdoped crystal with p = 0.277 exhibits deviation
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FIG. 1. (a) Temperature dependence of the magnetic susceptibility χ in overdoped and heavily overdoped Bi-2201[A] in a
magnetic field of 3 T along the ab-plane. Solid lines are fitting results using Eq. (2) in the text. The inset shows the T c vs
p plot. (b)(c) Temperature dependence of χ of heavily overdoped Bi-2201[A] with p = 0.282. The solid line in (b) indicates
the fitting result using χ = χ0 + C/(T - T 0)
5/4 and that in (c) indicates the fitting result using χ = χ0 + C/(T lnT - T 0).
(d) Magnetization curves of heavily overdoped Bi-2201[A] in magnetic fields along the ab-plane. Solid lines are fitting results
using the standard paramagnetic Brillouin function. (Inset) Magnetization curves of heavily overdoped Bi-2201[B] in magnetic
fields along the ab-plane and c-axis at 2 K. (e) Hole-concentration dependence of the extrapolated value of χ at 0 K χ0K, the
electronic specific heat coefficient γ, the Wilson ratio RW and T c in Bi-2201[A].
from the linearity and following anomalous upturn be-
low 2 K, which has been observed also in Sr1.8La0.2RuO4
with FM fluctuations [26]. In the main figure, we plot
the magnetic specific heat Cm = C − γT − βT
3 of heav-
ily overdoped Bi-2201[D] as Cm/T vs. T
−1/3, where γT
and βT 3 are the electronic and phonon specific heats,
respectively. Obviously, Cm/T is proportional to T
−1/3
below 2 K, suggesting the occurrence of two-dimensional
FM fluctuations [14]. It is noted that, as shown in Fig.
1(c), χ almost follows (T lnT )−1 at low temperatures, also
suggesting the two-dimensional FM fluctuations.
To obtain further insights into the FM fluctuations, we
discuss the Wilson ratio RW relating to spin fluctuations.
To estimate RW, the extrapolated value of χ at 0 K, χ0K,
was used from the fitting of χ between Tc and 40 K with
the following equation
χ = χconst + C/(T − T0)−DT, (2)
as shown in Fig. 1(a). The first term represents the
temperature-independent susceptibility, the second rep-
resents the Curie-Weiss-like upturn, and the third repre-
sents the temperature-dependent Pauli susceptibility due
to the thermal modification of the density of states at
the Fermi level as reported in Bi-2201 [29]. The value
of γ was obtained by fitting the specific heat in a mag-
netic field of 9 T suppressing the superconductivity with
C/T = γ+βT 2 in a T 2 range of 4−8K2 as shown in Fig.
S3 of the Supplemental Material. The p dependences of
χ0K, γ and RW = pi
2k2Bχ0K/(3µ
2
Bγ) of Bi-2201[A] are
displayed in Fig. 1(e), where kB is the Boltzmann con-
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FIG. 2. Zero-field µSR time spectra of (a) overdoped Bi-
2201[D], (b) heavily overdoped Bi-2201[B], (c) heavily over-
doped Bi-2201[D]. Solid lines are best-fit results using Eq.
(1) in the text. (d) Temperature dependence of the relax-
ation rate of muon spins λ. Error bars represent fitting errors
using Eq. (1). Solid lines are to guide the reader’s eye.
stant and µB is the Bohr magneton. Both χ0K and γ
increase with p and tend to be saturated in the heav-
ily overdoped regime, suggesting the enhancement of the
density of states at the Fermi level. Surprisingly, RW in-
creases with hole doping in the heavily overdoped regime
of p > 0.23, suggesting the enhancement of spin fluc-
tuations. The enhanced RW has also been observed in
Ca2−xSrxRuO4 around x = 0.5 in which FM fluctuations
are significant [30].
The present results in heavily overdoped Bi-2201 are
summarized as follows. The χ exhibits an upturn at low
temperatures. The magnetization tends to be saturated
in high magnetic fields at low temperatures. Zero-field
µSR reveals the development of spin fluctuations below
200 K. The ρab exhibits a T
4/3 behavior in a wide temper-
ature range. The magnetic specific heat follows T−1/3 de-
pendence. The RW increases with hole doping. All these
results strongly suggest that there exists two-dimensional
FM fluctuations in heavily overdoped Bi-2201. For the
difference of the dimensionality of FM fluctuations be-
tween Bi-2201 and LSCO [11], it is probably originated
from the crystal structure. The distance between the
nearest neighboring CuO2 planes in Bi-2201 is approx-
imately twice as long as that in LSCO. Moreover, the
van der Waals bond between atoms is included in the
blocking layer of Bi-2201, while the bonding in the block-
ing layer is ionic in LSCO. Zero-field µSR reveals that
FM fluctuations are developed below 200 K in Bi-2201,
n = 4/3
Two-dimensional
FM fluctuation
n = 5/3
Three-dimensional
FM fluctuation
n = 2
Fermi liquid
123 0.5
FIG. 3. (a) Temperature dependence of the ab-plane electri-
cal resistivity ρab normalized by ρab at 300 K plotted against
T 4/3 in Bi-2201[C]. The data are shifted upward by the same
offset. (b) Hole-concentration dependence of the temperature
exponent n of ρab = ρ0 + AT
n and T c in Bi-2201[A], [B], [C],
[D]. The solid line in n vs p is to guide the reader’s eye. Solid
lines in T c vs p are the empirical parabolic function of T c
[K] = 20.0 - 74.02(p [per Cu] - 0.16), T c [K] = 22.7 - 62.14(p
[per Cu] - 0.16), T c [K] = 22.7 - 62.83(p [per Cu] - 0.16) and
T c [K] = 20.0 - 60.05(p [per Cu] - 0.16) for Bi-2201[A], [B],
[C] and [D], respectively. (c) Temperature dependence of the
magnetic specific heat Cm = C - γT - βT
3 plotted as Cm/T
vs. T−1/3 in Bi-2201[D]. Error bars represent measurement
errors. (Inset) Total specific heat plotted as C/T vs. T 2 in
Bi-2201[A].
whereas they are developed below 0.9 K in LSCO [11].
These are also understandable in terms of the dimen-
sionality of the FM fluctuations. Originating from the
structure of cuprates, the two-dimensional FM fluctua-
tions might be developed at high temperatures and FM
fluctuations might become three-dimensional at low tem-
peratures. The two-dimensional FM fluctuations might
be developed at high temperatures also in LSCO [31]
and the three-dimensional FM fluctuations might be de-
veloped below ∼ 0.3 K in heavily overdoped Bi-2201.
In Fig. 4, a new phase diagram of Bi-2201 is proposed
including the p dependences of RW and n. As character-
ized by the increase in RW and the saturation of n around
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4/3, the region of FM fluctuations is shown in the heavily
overdoped regime. It is found that the magnetic ground
state changes from the AF to FM one with hole doping.
The FM fluctuations exist even in the superconducting
heavily overdoped regime, implying the interference be-
tween FM fluctuations and the electron paring mediated
by AF fluctuations and resulting in the decrease in Tc
with hole doping in the heavily overdoped regime [8].
There exist two candidates for the origin of FM fluc-
tuations. One is the metallic ferromagnetism due to en-
hanced spin fluctuations, the large density of states at
the Fermi level and the good Fermi-surface nesting with
the nesting vector of q → 0. In fact, the value of RW in-
dicates that spin fluctuations are enhanced in the heavily
overdoped regime. It has been reported from the angle-
resolved photoemission spectroscopy [32, 33] and scan-
ning tunneling spectroscopy [34] that the van Hove sin-
gularity resides close to the Fermi level in heavily over-
doped Bi-2201, suggesting the large density of states at
the Fermi level in the heavily overdoped regime. A the-
oretical calculation based on the three-band model has
suggested that the q position where the spin suscepti-
bility is enhanced evolves from q = (pi, pi) in the par-
ent compound toward q = (0, 0) with hole doping [35].
This situation is quite similar to that of Sr2−yLayRuO4
with FM fluctuations [26]. All these are consistent with
the occurrence of the metallic ferromagnetism. The
other candidate is the double exchange interaction due
to the multiband structure. This is because Compton-
scattering measurements in LSCO [36] have suggested
that holes are doped mainly into the Cu 3d3z2−r2 or-
bital in the heavily overdoped regime, producing both
Cu 3dx2−y2 and Cu 3d3z2−r2 spins and generating the
FM interaction due to the Hund coupling.
In conclusion, FM fluctuations exist in heavily over-
doped Bi-2201, suggesting the universal feature of the
hole-doped cuprates. The magnetic ground state changes
from the AF to FM one with hole doping. More-
over, the FM fluctuations are probably related to the
suppression of superconductivity in the heavily over-
doped regime. The FM fluctuations may answer several
unsolved non-Fermi-liquid-like behaviors in the heavily
overdoped regime. For example, the broadening of nodal
quasiparticle peaks observed in the angle-resolved pho-
toemission spectroscopy of La1.78Sr0.22CuO4[37] and Tl-
2201 [38, 39] may be predominantly caused by the scat-
tering of quasiparticles by low-energy FM fluctuations [8].
The more detailed relationship between the FM fluctua-
tions and superconductivity in cuprates should be clari-
fied in future.
We thank A. Sakuma, Y. Shimizu, H. Tsuchiura, K.
Ueda, H. Yokoyama for informative discussions. We are
indebted to M. Ishikuro for his help in the ICP analysis.
µSR measurements were partially supported by MEXT
KAKENHI Grant Number 23108004 and by the KEK-
MSL Inter-University Research Program (Proposals No.
2015A0198 and No. 2016B0121). K. K. thanks the To-
hoku University Division for Interdisciplinary Advanced
Research and Education for their financial support.
[1] R. J. Birgeneau, C. Stock, J. M. Tranquada, and K. Ya-
mada, J. Phys. Soc. Jpn. 75, 111003 (2006).
[2] S. Wakimoto, H. Zhang, K. Yamada, I. Swainson, H.
Kim, and R. J. Birgeneau, Phys. Rev. Lett. 92, 217004
(2004).
[3] Risdiana, T. Adachi, N. Oki, S. Yairi, Y. Tanabe, K.
Omori, Y. Koike, T. Suzuki, I. Watanabe, A. Koda, and
W. Higemoto, Phys. Rev. B 77, 054516 (2008).
[4] M. P. M. Dean, G. Dellea, R. S. Springell, F. Yakhou-
Harris, K. Kummer, N. B. Brookes, X. Liu, Y.-J. Sun,
J. Strle, T. Schmitt, L. Braicovich, G. Ghiringhelli, I.
Bozˇovic´, and J. P. Hill, Nat. Mater. 12, 1019 (2013).
[5] Y. Kubo, Y. Shimakawa, T. Manako, and H. Igarashi,
Phys. Rev. B 43, 7875 (1991).
[6] M. Oda, T. Nakano, Y. Kamada, and M. Ido, Physica C
183, 234 (1991).
[7] S. Nakamae, K. Behnia, N. Mangkorntong, M. Nohara,
H. Takagi, S. J. C. Yates, and N. E. Hussey, Phys. Rev.
B 68, 100502(R) (2003).
[8] A. Kopp, A. Ghosal, and S. Chakravarty, Proc. Natl.
Acad. Sci. USA 104, 6123 (2007).
[9] B. Barbiellini, and T. Jarlborg, Phys. Rev. Lett. 101,
157002 (2008).
[10] C. J. Jia, E. A. Nowadnick, K. Wohlfeld, Y. F. Kung,
C.-C. Chen, S. Johnston, T. Tohyama, B. Moritz, and T.
P. Devereaux, Nat. Commun. 5, 3314 (2014).
[11] J. E. Sonier, C. V. Kaiser, V. Pacradouni, S. A. Sabok-
Sayr, C. Cochrane, D. E. MacLaughlin, S. Komiya, and
N. E. Hussey, Proc. Natl. Acad. Sci. USA 107, 17131
(2010).
[12] K. Ueda, and T. Moriya, J. Phys. Soc. Jpn. 39, 605
(1975).
6[13] A. Kolodziejczyk, and J. Spalek, J. Phys. F: Met. Phys.
14, 1277 (1984).
[14] M. Hatatani, and T. Moriya, J. Phys. Soc. Jpn. 64, 3434
(1995).
[15] I. Chong, T. Terashima, Y. Bando, M. Takano, Y. Mat-
suda, T. Nagaoka, and K. Kumagai, Physica C 290, 57
(1997).
[16] S. D. Obertelli, J. R. Cooper, and J. L. Tallon, Phys.
Rev. B 46, 14928 (1992).
[17] M. R. Presland, J. L. Tallon, R. G. Buckley, R. S. Liu,
and N. E. Flower, Physica C 176, 95 (1991).
[18] K. Kudo, N. Okumura, Y. Miyoshi, T. Nishizaki, T.
Sasaki, and N. Kobayashi, J. Phys. Soc. Jpn. 78, 084722
(2009).
[19] Y. Ando, Y. Hanaki, S. Ono, T. Murayama, K. Segawa,
N. Miyamoto, and S. Komiya, Phys. Rev. B 61, R14956
(2000).
[20] T. Kondo, T. Takeuchi, U. Mizutani, T. Yokoya, S.
Tsuda, and S. Shin, Phys. Rev. B 72, 024533 (2005).
[21] H. Takagi, T. Ido, S. Ishibashi, M. Uota, S. Uchida, and
Y. Tokura, Phys. Rev. B 40, 2254 (1989).
[22] R. Kubo, and T. Toyabe, Magnetic Resonance and Relax-
ation, Proceedings of XIVth Colloque Ampre, Ljubljana
(ed. By R. Blinc), 810 (1967).
[23] Z. Konstantinovic´, Z. Z. Li, and H. Raffy, Physica C 351,
163 (2001).
[24] Y. Ando, Y. Kurita, S. Komiya, S. Ono, and K. Segawa,
Phys. Rev. Lett. 92, 197001 (2004).
[25] K. Kurashima, T. Adachi, K. M. Suzuki, Y. Fukunaga,
T. Kawamata, T. Noji, and Y. Koike, J. Phys.: Conf.
Ser. 568, 022003 (2014).
[26] N. Kikugawa, C. Bergemann, A. P. Mackenzie, and Y.
Maeno, Phys. Rev. B 70, 134520 (2004).
[27] K. Yoshida, F. Nakamura, T. Goko, T. Fujita, Y. Maeno,
Y. Mori, and S. NishiZaki, Phys. Rev. B 58, 15062
(1998).
[28] J. J. Larrea, M. B. Fontes, A. D. Alvarenga, E. M.
Baggio-Saitovitch, T. Burghardt, A. Eichler, and M. A.
Continentino, Phys. Rev. B 72, 035129 (2005).
[29] G. Le Bras, Z. Konstantinovic, D. Colson, A. Forget,
J.-P. Carton, C. Ayache, F. Jean, G. Collin, and Y. Du-
mont, Phys. Rev. B 66, 174517 (2002).
[30] S. Nakatsuji, D. Hall, L. Balicas, Z. Fisk, K. Sugahara,
M. Yoshioka, and Y. Maeno, Phys. Rev. Lett. 90, 137202
(2003).
[31] The two-dimensional FM fluctuations have not yet been
observed in the heavily overdoped LSCO due to lack
of zero-field µSR results at high temperatures. Neutron-
scattering experiments detecting fluctuations with higher
frequencies than µSR, focusing on the FM fluctuations,
have not yet been reported in the heavily overdoped
LSCO, to our knowledge.
[32] T. Kondo, T. Takeuchi, T. Yokoya, S. Tsuda, S. Shin,
and U. Mizutani, J. Electron. Spectrosc. Relat. Phenom.
137, 663 (2004).
[33] M. Hashimoto, T. Yoshida, H. Yagi, M. Takizawa, A.
Fujimori, M. Kubota, K. Ono, K. Tanaka, D. H. Lu, Z.-
X. Shen, S. Ono, and Y. Ando, Phys. Rev. B 77, 094516
(2008).
[34] A. Piriou, N. Jenkins, C. Berthod, I. Maggio-Aprile, and
Ø. Fischer, Nat. Commun. 2, 221 (2011).
[35] D. Ogura, and K. Kuroki, Phys. Rev. B 92, 144511
(2015).
[36] Y. Sakurai, M. Itou, B. Barbiellini, P. E. Mijnarends, R.
S. Markiewicz, S. Kaprzyk, J.-M. Gillet, S. Wakimoto,
M. Fujita, S. Basak, Y. J. Wang, W. Al-Sawai, H. Lin,
A. Bansil, and K. Yamada, Science 332, 698 (2011).
[37] X. J. Zhou, T. Yoshida, D.-H. Lee, W. L. Yang, V.
Brouet, F. Zhou, W. X. Ti, J. W. Xiong, Z. X. Zhao,
T. Sasagawa, T. Kakeshita, H. Eisaki, S. Uchida, A. Fu-
jimori, Z. Hussain, and Z.-X. Shen, Phys. Rev. Lett. 92,
187001 (2004).
[38] D. C. Peets, J. D. F. Mottershead, B. Wu, I. S. Elfimov,
R. Liang, W. N. Hardy, D. A. Bonn, M. Raudsepp, N. J.
C. Ingle, and A. Damascelli, New J. Phys. 9, 28 (2007).
[39] M. Plate´, J. D. F. Mottershead, I. S. Elfimov, D. C. Peets,
R. Liang, D. A. Bonn, W. N. Hardy, S. Chiuzbaian, M.
Falub, M. Shi, L. Patthey, and A. Damascelli, Phys. Rev.
Lett. 95, 077001 (2005).
